the length of the polypeptide. In the second (CS2), the glycosaminoglycans occur as clusters separated by gaps.
The current view of the aggregating cartilage proteoglycan is thus of a multidomain structure. Because the interaction with hyaluronate is fundamental to the role these molecules play in cartilage, a good deal of attention has been focused on the molecular structure of this domain. The primary structure deduced from cDNA clones [ 111 and from amino acid sequencing 131 shows that it has two structural motifs. The first of these is an Ig fold [ 141 and the second is a tandem repeat of a sequence of about 100 residues, the so-called proteoglycan tandem repeat (PTR). The second globular domain G2 also contains the PTR, which exists as a pair of loops defined by disulphide bonds.
The primary structure of link protein from rat chondrosarcoma [ 15, 161. chicken [ 171, pig and human [ 181 also shows this structural arrangement. G I and link protein bind to hyaluronate and to each other, but G 2 apparently shows none of these properties [ 191. The precise function of G2 remains unclear.
A number of other proteoglycans have been studied in detail and the nature of their interactions with components of cell surfaces have been elucidated. Heparan sulphate proteoglycans, for instance, are involved in interactions with matrix macromolecules such as collagen, fibronectin and N-CAM (see [ 201 for a review j.
The topics covered in this Colloqium indicate the extent to which understanding the nature and function of proteoglycans has progressed in recent years. The structure of the human and rat proteoglycan genes have been defined [7a] and it has been found that the exons correspond closely to the distinct domains in the protein structure. Electron microscopy and, in particular, the technique of rotary shadowing have contributed a large amount to an understanding of domain structure [9, gal. It is now possible to propose models to describe the nature of the interactions between proteoglycan, hyaluronate and link protein [2 I] . Similarly, knowledge of the structural organization of nonaggregating proteoglycans. such as the heparan sulphate proteoglycans has progressed [22] .
While a great deal of work has been done on the nature and role of proteoglycans in pathological situations, there is yet much to be learned about the molecular nature of conditions such as osteoarthritis, which lead to erosion of articular cartilage [23] . It is likely that, over the next few years, work will be carried out to determine the three-dimensional structure of the HABR and link protein and it will be then possible to refine models describing their interaction with hyaluronate. This in turn will lead to a greater understanding of the nature o f these molecules and of thc tissues in which they are found.
I . Kennedy The most abundant proteoglycan in cartilage is a high molecular mass aggregating species bearing chondroitin sulphate and keratan sulphate side-chains on a large protein core (225 kDa). Rotary-shadowing techniques [ 11 and DNA sequences 121 have shown this proteoglycan to be a multidomain structure that consists of three globular ( G l , G2 and G3) and two extended regions (Fig. 1 ).
Abbreviations used: PTR, proteoglycan tandem repeat; Ig fold, immunoglobulin variable regon fold.
The aggregation properties are due to interactions involving the G 1 globular domain lying at the N-terminus. This disulphide-bonded G I domain is composed of two structural motifs, an Ig fold and a tandem repeat, that have also been identified in link protein from its DNA sequences from pig and human cartilage [3] , rat chondrosarcoma [4] and chick sternal cartilage [S] . These two structural motifs together constitute the whole of link protein (39 kDa) as a disulphidebonded looped structure. One motif (loop A, Fig. 1 ) at the N-terminal of G1 and link protein is a 90 residue sequence that shows homology with an Ig variable region fold (Ig fold) and, although the homology is not high, secondary structure predictions [3] show significant identity with the Ig fold in the number and position of /3-sheet sequences. The second motif is a tandem repeat structure that contains two homologous
, - shows the amino acid sequence similarity between these two loops to be almost 60%. The G1 domain has been shown to bind specifically to hyaluronate [6] . Evidence from immunochemical data using antibodies raised specifically to G1 and G 2 domains 171 clearly suggests that, while G1 can interact with link protein and hyaluronate, G2 does not possess this functional property. The G2 domain also does not appear to bind to collagen or other matrix proteins and its precise functional role in proteoglycan organization remains obscure.
The third globular domain (G3) is located at the Cterminal of proteoglycan and has a sequence quite different from G1 and G2 domains. G 3 contains ten cysteine residues and exhibits 90% similarity between chicken [8] , rat [ 2 ] , bovine [O] , and human and pig [ 101 sequences. Although highly conserved, its function also remains unclear. A part of G 3 containing six cysteine residues has sequence similarity with vertebrate hepatic lectins specific for the terminal galactosyl or N-acetylglucosaminyl residues. A C-terminal G3-like domain found in a proteoglycan from human fibroblasts [ 111 is related in sequence to the G 3 domain of the chondrocyte proteoglycan. It contains the lectin-like portion and ten cysteine residues whose spacing is completely conserved between these two proteoglycans expressed by different cell types. The human chondrocyte proteoglycan G 3 domain has less sequence similarity (68% to the human fibroblast G 3 domain than to the G 3 domains of chondrocytes from other species ( > YO%).
Adjoining the G 2 and G 3 domains is an extended region that contains two parts both rich in hydroxy amino acids and containing many Ser-Gly sequences, but with different sequence patterns. From the available partial sequences for a 50 kDa region (region CS2, Fig. 1 ) for human, rat and bovine proteoglycan, it contains 65% of common sequence, although within it a 150 residue portion low in Ser-Gly sequences immediately adjacent t o G 3 is less than 50% conserved. The total number of Ser-Gly dipeptides varies between species, being 24 in rat, 35 in bovine and 28 in human, of which 18 are maintained in common positions in all three species. The Ser-Gly dipeptides are found as a series of ten amino acid repeats, and could serve as substitution points for bearing chondroitin sulphate chains. This region is less well conserved than the globular G3 domain and suggests that the precise pattern and number of Ser-Gly dipeptides is not critical to its function in bearing large numbers of chondroitin sulphate chains.
A general feature of the Ser-Gly dipeptide-containing repeats is the presence of adjacent acidic amino acids residues. This arrangement has been postulated [ 121 to stimulate glycosylation in vivo in synthetic Ser-Gly-containing peptides. The two extended regions of the core protein thus provide large numbers of substitution sites for glycosaminoglycan attachment and the density of chondroitin sulphate chains found on each extension is reflected by the respective numbers of the Ser-Gly-containing repeats. Hence, the extended sequence (CS2) adjacent to G 3 contains chondroitin sulphate chains that are arranged in clusters, while in the CS1 regions they are evenly distributed. The chondroitin sulphate attachment region thus appears to have arisen from the amplification of genes for two diffcrent Ser-Gly-rich sequences.
The multi-domain structure of proteoglycan and the conservation of domain structure between species. and their relationship with domains of other proteins. implies that the gene for this protein has arisen from exon movement from a number of gene families. The PTR loops ( B and B') share significant sequence homology with a human lymphocyte homing receptor Hermes (cell adhesion molecule) [ 1 3, 14 1 , while the lectin-like region in G 3 is related t o a sequence found in a mouse lymphocyte homing receptor [IS] . The human Hermes molecule has only one copy of the PTR motif located at the N-terminal and its similarity to the B loops of link protein and proteoglycan is approximately 3% and to the B' loops about 25%. The PTRs of these three proteins may thus share a common ancestral gene. The presence of an Ig fold at the N-terminal also classes the proteoglycan (and link protein) as members of the immunoglobulin superfamily [ 161, in which there are many examples of proteins involved in recognition and adhesion. Among the different gene sequences that make up the proteoglycan protein core, there are thus strong relationships with several prominent families of cell surface proteins which each provide elements of the globular protein structures which flank the heavily glycosylated chondroitin sulphate attachment region. The proteoglycan thus provides a further example of the close relationships that exist between proteins at the cell surface and secreted components of the extracellular matrix.
The large, aggregating chondroitin sulphate proteoglycan of cartilage, or aggrecan, is the predominant proteoglycan in cartilage. It has a monomeric relative M , of approx. 2.4 x lo", is highly substituted with chondroitin sulphate and keratan sulphate glycosaminoglycans, as well as N-and 0-linked oligosaccharides and has the distinctive property of assembling into very large aggregates with hyaluronic acid. These aggregates form the water-retaining 'ground substance' of cartilage matrix and are thought to be single unbranched strands of hyaluronic acid to which many aggrecan molecules are tightly bound through a high-affinity domain at the N-terminus of the proteoglycan. A small (M, 43 000) glycoprotein called link protein is related both structurally and functionally to aggrecan and serves to stabilize the hyaluronic acid-aggrecan complex.
The complete primary structure of the protein core of aggrecan from rat chondrosarcoma has recently been deduced from the sequence of corresponding cDNA clones [ I ] , and several structural features were noted. The 2124-residue core protein is composed of several distinct structural domains including a signal sequence (19 amino acids): two N-terminal globular domains G 1 and G2 (334 and 200 amino acids, respectively), each with extensive sequence similarity to link protein, and separated from each other by a rod-like domain Ig ( 150 amino acids): a proline-rich domain (100 amino acids), which is likely to be the keratan sulphateattachment domain: a large domain of 1157 amino acids, in which the sequence Ser-Gly recurs over 100 times as part of several repeating patterns, providing attachment sites for chondroitin sulphate; and, lastly, a third globular domain at the C-terminus (G3, 230 amino acids), which possesses strong sequence similarity to a family of lectin-like proteins in one of its two disulphide-containing portions, and has been shown to interact specifically with carbohydrate [2] .
The C-terminal portion of the aggrecan sequence has been determined for a number of vertebrate species [3-51, but only the rat sequence is known in full. The potential role of this gene in degenerative joint conditions and heritable skeletal defects has led us t o isolatc and sequence the complete human aggrecan cDNA, and t o isolate corresponding genomic clones for both thc rat and human spccies. The structure of the rat gene has been mapped as to exon size and location, while the human gene has been partially characterized by sequencing and restriction-fragment hybridization patterns. The sequences are illustrated with the N-termini t o the left and the various domains bracketed. SP, signal peptide; HABR, hyaluronic acid-binding region; KS. keratan sulphate domain; CS, chondroitin sulphate domain; (3.3, globular domain 3. The number of amino acids in each domain is in parentheses, and corresponding domains are bounded by the dashed lines. Open boxes indicate these insertions of humanspecific repeated sequences (sizes in amino acids shown above) and the filled box is an exon which is skipped in the human G3 domain.
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